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Block 20 (cont'd)

propagation toughness, KID, by measuring the temperature or strain histories

in material near the tip of a fast-running crack.

During the third research year, the development of the one-point-bend

teat was completed. We demonstrated experimentally that sinusoidal stress
intensity histories with a half-period varying from 90 to 450 us can easily be

obtained by varying the specimen dimensions. To correctly interpret the strait

gage signal recorded during the test, we developed a simple analytical model

of the experiment. The model was used to study the effect of gage position a

crack propagation distance on the recorded strain history and on the ability t

detect crack instability. The model was also used to investigate the mechanic

of crack instability.

The dynamic fracture toughness of aircraft-quality 4340 steel (RC5O) was

measured using the newly developed procedure. We found that in the range of

stress ntensity rates from 3.3 x l05 to 3 x 106, the toughness was rate insan-

sitive with the average value equal to 58.5 NPa m112 . As a consequence of this

rate insensitivity, a minimm time to fracture could not be measured in the

high rate tests. Based on this observation and simulations of the one-point-

bend teats with the analytical model, it was concluded that the classical con-

cepts of fracture mechanics are sufficient to make crack instability predic-

tions for load pulse durations of tens of microseconds. However, the concept

of a mteril-related minimum time to fracture would still have to be invoked

for fracture under load pulse durations less than a few microseconds.

Future work in this program will focus on verifying these conclusions and

on the parallel measurement of the propagation toughness and the initiation

toughness In a VIMN-VAR 4340 steel.
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The goals of this project are to first develop and apply procedures

for obtaining more accurate mesures of dynamic fracture Initiation and

propagation tougbnesses and then to establish the relationship between

than. We obtain the dynamic Initiation toughness, Z1d9 by Ispacting

3nupra edge-cracked bend specimeins (one-point-bend test) and we

obtain the dynamic propagation toughnes, KID. by measuring the tempera-

tere or strain histories In material near the tip of a fast-running crack.

During the third research year,, the development of the one-point-bend

test wes completed. We demonstrated esperimentally that smousoidal stress

Intensity histories with a half-period varying from 90 to 450 gps can

easily be obtained by varying the specimen dimansions. To correctly

Interpret the strain SWg signal recorded during the teot, we developed a

simple anlytical model of the enperiment. The model wem used to study

the effect of gag position ad crack propagation distance on the recorded

strain history and on the ability to detect crack instability. The model

mes also used to investigate the mechanics of crack Instability.

The dymnmi fracture toughness of aircraft-quality 4340 steel (RCSO)

mee measured using the newly developed procedure. We found that in the

nap of stress intensity rates from 3.3 x 105 to 3 x 10, the toughness

me rate Insensitive with the average value equal to 3605 M al 312. As a

comequaceof this rate Insensitivity, a ninam time to fracture could

not be measured In the high rate tests. Ued on this observation and on

simulations of the one-point-bend tests with the analytical model, It was

Concluded that the classical concepts of fracture mechanics are suff icient

to make crack Instability predictions for load pulse durations of tens of

microseconds. Boever, the concept of a saterial-related minimon time to

fracture would still have to be Invoked for fracture under load pulse

duratios loes than a few microseconds.

Future work In this program will focus on verifying these conclusions

and on the parallel masurmnt of the propagation toughness and the

Initiation toughness In a IM-VAR 4340 steel.



Structures used by the U.S. Air Force mist be designed to resist

catastrophic fracture Vhen subjected to dynamic loads. For emple,

aircraft comnponents my experience short stress pulses from airborne

debris, military projectiles, or intense bursts of laser or x-ray

radiation. Landing Sear and aircraft retaining cables on carrier ships

experience dynamic loads at the end of each flight.

A related dynamic fracture problem concerns rapidly running cracks.

Tor e~mleg It Is often desirable to know whether a crack, once initi-

ated, will arrest before It reaches a component boundary and thereby

preserve the Integrity of the structure. Thus, to ensure safe design of

Air Forcm structures, It Is necessary to have a knowledge of the dynamic

fracture behavior of the component materials.* The research being con-

ducted In this program Is aimed at Improving our understanding of dynamic

fracture. Emphsis is on the accurate characterization of material

resistance to crack Initiation under dynamic loading vak1' m armen ts)

and to rapid cra&k propagation masurmts). Th sannual report

reviews the specific program obet and avmrs the progress during
the third research year.
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III OZUECTIYE

To obtain soe accurate measures of dynamic fracture Initiat ion and

propngetlosa togn see d to establish the relationship between them" w
prposed to accomplish the following research tasks In a five-year

Task 1 Baseed on the no understanding of the role of load
duration Is crack instability behavior3 develop a
simple test procedure to obtain reliable fracture
to"*h"es values at strain rates representative Of
Impact loading2.

Task 2 - Geserate the nscesewry data to develop a reliable
theory for dymenic crack instabilty. In particular.
measure the snlaim tim for Instability for different

-histories.

Task 3 - Obtain values of the propagation toughnmes K, by
means of heat of fracture or optical strain mesure-
mnts and. establish the relationship between Kn and
the dynmic fractu toughnsse associated with udgh
loading rate Iaitiatica, KItd.

Task 4 - Measure critical conditions and establish criteria for
crack Instability under nized-mode, short-pulse loads.

This year mefocused on Tasks 1,0 2, and 3. The progress to date Is
described In the sest section.



IT MROQ

The present program Is a follow-on to a previous A1O8R-sponsored pro-

gins that has PrOVided several results that relate directly to the current

work. It Is therefore appropriate, before discussing the progress made
during the past year, to smmarise these results.

lewIO Of Significant Results iU PeVOious PrOgran

In the previous A1OR-sponsored proIrn 1 a crack Instability theory

was proposed that accounts for the Influence of stress pulse duration and
track length on the dynamic stress; intensity history. It was shown that

well-established static stress Intensity express ions apply to dynamic
loading situations when the crack length, a., and stress pulse duration,

TOare sunch that cIT*/ao > 40 where cl is the longitudinal wave velocity
In the specimen. On the other hand for combinations of crack length and
pulse duration satisfying the inequality c1T0/a0 > 3, the crack tip stress
Intensity history has a constant shape dependent only on stress pulse
soplitudet and Independent of crack length.

To explain the results of plate Impact fracture experiments (To
2.04 gas) with epoxy, we further postulated In the previous work that
crack Instability occurs only If the stress Intensity exceeds the dynamic
fracture toughnsess for a mininam (a yet, poorly defined) tims.

AddItionsl fracture experiments on 4340 steel (RC50) using single-
edge notch (833) specimens loaded by stress pulses of several durations
(16 gas to 80 gas) confirmed the important effect of stress intensity
histery o the onset of crack Instability In structural materials. From

thee experimeats a dynamic fracture toughness of 31.7 Wa m1/2 anda

smm, time of 7 pa were Inferred for this steel. 3

The current program has applied the nem understanding of stress
Intensity history effects on crack Instability to the development of an
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Impact eperiment that yields unambiguous KId measurements. During the

past 12 months, the developusut of this experiment ws completed. The

experiment has been used to clarify the interpretation of the minima time

to fracture and to verify the results of the previous program with a

different test configuration.

Development of a New Dynamic Fracture Toughness Test

The objective of this task Is to develop an easy-to-perfors dynamic

fracture test in which the stress intensity histories for initiation of

dynamically loaded cracks can be readily controlled and fully charac-

terized. We Investigated a test configuration in which a simple edge-

cracked specimen Is loaded In bending by Impacting It at the aidsection

but without supporting it at the outer edges, as Is customary In other

standard dynamic fracture tests. In this so-called one-point-bend test,

the loading of the crack tip Is achieved strictly by inertial effects.

The resulting stress intensity history has approximately a sinusoldal time

dependence with the period of oscillation given by the first natural

frequency of vibration of the specimen. The maximm stress intensity

amplitude KMat is controlled In part by the specimen geometry and density

but mainly by the Impact velocity. The stress Intensity history can

easily be measured during the test by placing a strain gage a short

distance from the crack tip.

Test conditions suitable for dynamic fracture toughness measurements

in which wave propagation effects are negligible can be achieved by using

specimens with a long period (400 to 1000 ps) and by Impacting at low

velocities so that T..x only slightly exceeds Kid (low K-rate experi-

ments). This type of test can be performed on a Charpy machine. On the

other hand, conditions appropriate for studying minimm time to fracture

can be created by using high-impact velocities and thus by overloading the

crack (high -rate experiments). If, for the crack to become unstable,

loading at or above the dynamic toughness level 1 Id is required during a

minimm time tamn . than crack instability in the high -rate tests is

expected to occur at a K value significantly higher than K-d. The

MIN U _W) 'k 0aft A%_5



difference between the tims at which the KId value is reached and the time

of crack Instability Is a measure of the minimm tins taiu .

During the past year, we performaed a series of additional parametric

experiments on specimens of varying sizes to determine the minimum stress

intensity pulse duration achievable with the new test configuration.

These tests showed that when the specimen dimensions are changed, half-

periods ranging from about 90 to 450 ps can be obtained. They also

demonstrated the strong Influence of the material density on Kwnx.

To correctly interpret the strain gage signal recorded during the

I pct fracture test, we also developed a simple analytical model of the

expertment. The model is quasi-static (no wave-crack interaction), and it

assumes a sinusoidal time variation of the stress intensity factor. It

also asmes that the test is displacement-controlled and uses handbook-

tabulated functions to represent the change In stress intensity factor

with crack length. The model Is used to study the effect of gage position

and crack propagation distance on the recorded strain history and on the

ability to detect crack instability. It showed that for high stress

intensity rates, the specimen strain at the gage location can continue to

Increase after the crack has started to propagate. This strain overshoot

mast then be taken into account when determining the point of crack

initiation on the experimental records.

With this latest work, the development of the new test procedure has

been completed.

Dynamic Fracture Tests to Neasure KE1 and t.,

A series of Impact tests were performed on aircraft-quality 4340

steel (WC5O) specimens. Six tests were performed at each of three impact

velocities to achieve stress intensity rates of 3.3 x 105 , 5 x 105, and

3 x 106 lif 21/2g- 1. The ezperiments at the two lover K-rates had a

loading time to fracture of well above 100 s and hence met requirements

for an unambiguous measurement of the dynamic fracture toughness KId. The

tests at the highest K-rate were designed to achieve a gross overloading

of the crack in order to measure the minmm time to fracture. For the

6



tests at 3.3 x 105 Wa u1/2s1, the crack started to propagate, then was

arrested after extending 2 to 3 sa. At the higher rates, the specimens

fractured completely.

The results of these series of experiments are shown In Figure 1

where the value of the stress intensity factor at the point of crack

instability, 4 nst to plotted as a function of the stress intensity rate,

. The results in Figure 1 show that, although the scatter in data

increases with the loading rate, the average values are essentially the

same, 56.5 "pa R1/2 even in the tests where the crack was grossly

overloaded. Therefore, a minimum time to fracture could not be identified

in these latter experiments, and the value of 58.5 Ea RL/2 represents the

dynamic fracture toughness for the material in the range of rates

Investigated. This value is only slightly lower than the static value

KIC - 63.7 NPa K1/2 measured in triplicate using standard AST 3399

procedure and Indicates little strain rate sensitivity of the fracture

toughnese of 4340 steel in the RCSO hardness condition.

This result contradicts the findings of the previous A1SR-sponsored

progrom in which a dynamic fracture toughness significantly lower (30-401)

than the static toughness ws reported for 4340 steel (RCSO). To resolve

this discrepancy, we are performing additional dynamic-fracture toughness

experiments on specimens cut from the broken halves of the SEX specimens

tested in the previous program. Preliminary test results Indicate a

dynamic fracture toughness value almost double that of the one reported

earlier and are consistent with the data In Figure 1; me will continue

such tests in an effort to explain the differences between the results of

the two program.

7
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Interpretation of the Concept of Minimum Time to Fracture

Although additional evidence is required to confirm our preliminary

conclusions, the work performed during this past year has led to a better

understanding of the minimum-time-to-fracture concept and to a reinterpre-

tation of the minimum-tine theory.

In considering the experimental results of the previous and the

present programs, it appears that two interpretations of the minimum time

to fracture are relevant, depending on the time scale over which the

fracture event occurs.

For very short load durations (To 4 2 ps), such as in plate impact

experiments, the minimum time to fracture could be interpreted as the time

required to nucleate and grow damage in the material ahead of the main

crack and coalesce this damage with the main crack. In other words, the

minimum time could be viewed as a material-related incubation time.

Recent analytical and experimental results indicate that for metallic

alloys, this time should be about 1 pis or less.
4 ,5

For load durations of tens of microseconds, the material incubation

time is very small compared to the load duration; hence this concept

should not play a role in controlling crack instability. Rather, our

recent work (in which the analytical model of the one-point bend test has

been used to simulate the results of tests where crack instability and

subsequent arrest have been observed) suggests that the instability condi-

.r tions can be determined solely by using the classical concepts of fracture

mechanics, namely, crack-driving force and material crack-growth resis-

tance. When a minimum time to fracture is measured (as in the experiments

on 4340 steel in the previous program), it could be interpreted as the

time necessary to extend the crack a practically detectable distance.

.4N



V ONGOING AND FUTURE WORK

To verify the ideas pertaining to crack instability developed during

the past year, we will p#. 'form a series of new experiments in which bend

specimens will be impacted at increasing velocities to produce a series of

crack jumps of increasing length. These results will be interpreted with

the analytical model of the one-point-bend experiment and compared with

the results of similar tests obtained in the previous program.

During the current year, we also plan to perform crack propagation

and arrest experiments. In these experiments, the strain history near the

running crack will be measured by using a new optical technique, the

stereoimaging technique originally developed for strain measurements in

fatigue.6 If our attempt is successful, it will open a wide new field of

strain characterization possibilities in elastic, elasto-plastic, and

dynamic fracture mechanics.

We will also perform dynamic Impact tests on the material used in the

crack propagation tests to compare initiation and propagation toughness.

Some of this work ham already been initiated.

Finally, a fractographic investigation will be undertaken to try to

explain the scatter in fracture toughness data, at a given stress inten-

sity rate, in terms of differences in the microscopic fracture process.

10



VI PUBLICATIONS AND PRESENTATIONS

Papers prepared or published and presentations made during the

previous program and under the current contract are listed below.

Publications

J. F. Kalthoff and D. A. Shockey, "Instability of Cracks Under Impulse

Loads,' J. Appl. Phys. 48 (3), 984-993 (March 1977).

D. A. Shockey, J. F. Kalthoff, E Homes, and D. C. Erlich, "Criterion

for Crack Instability Under Short Pulse Loads," Advances in Fracture

Research D. Francois et al., Edo., (Oxford and Pergamon Press, New

York, 1980), pp. 415-423.

D. A. Shockey, J. F. Kalthoff, and D. C. Erlich, "Evaluation of

Dynamic Crack Instability Criteria," Into Jo Fract. Mach. 2 217-229

(1983).

D. A. Shockey, J. F. Kalthoff, W. Kles, and S. Winkler, "Siultaneous

Measurements of Stress Intensity and Toughness for Fast Running Cracks

In Steel," Exp. Mach. 23, 140-145 (1983).

HE. Homes, D. A. Shockey, and Y. Huraysme, "Response of Cracks in

Structural Materials to Short Pulse Loads," J. Mach. Phys. Solids 31,

261-279 (1983).

D. A. Shockey, J. F. Kalthoff, e. Nome, and D. C. Erlich, "Response

of Cracks to Short Pulse Loads," Proceedings of the Workshop on

Dynamic Fracture, W. G. Knauss, Ed., held at the California Institute

of Technology, Pasadena, CA, under sponsorship of the National Science

Foundation and the Army Research Office, Feb. 17-18, 1983.
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3. N. Giovanola, "Development and Analysis of a One-Point Bend Impact

Test," to be submitted for the Proceedings of the Seventeenth National

Symposium on Fracture Mechanics, August 7-9, 1984, Alba, NY.

Presentation@

Do C. Erlich and D. A. Shockey, "Instability Conditions for Cracks

Under Short-Duration Pulse Loads,w Topical Confereuce on Shock Waves

In Condensed Matter, Meeting of the American Physical Society,

Washington State University, Pullman, WA, June 11-13, 1979.

D. A. Shockey, "Instability Conditions for Cracks Loaded by Short

Stress Pulses," Poulter Laboratory Seminar, SRI International, Menlo

Park, CA, December 12, 1979.

D. A. Shockey, 'Dynamic Crack Instability." Institut CIRAC, Zeublens,

Switzerland, May 19, 1980.

D. A. Shockey, "Dynamic Crack Instability," Institut ftr

Werkstoffuechanik, Freiburg, Germany, May 21, 1980.

Do A. Shockey, "Simultaneous Measurements of Stress Intensity and

Toughness for last Running Cracks in Steel," Poulter Laboratory

Seminar, S3RI International, Menlo Park, CA (June 1980).

Do A. Shockey, "Criterion for Crack Instability Under Short Pulse

Loads," Fifth International Conference on Fracture (ICFS), Cannes,

France, March 29-AprIl 3, 1981.

Do A. Shockey, "Simultaneous Masurmnts of Stress Intensity and

Toughness for Fast Running Cracks in Steel,"' 18th Annual Meeting of

the Society for Engineering Science,, Inc., Brown University,

Providence, RI9 September 2-4, 1981.
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D. A. Sbockey, "Short Pulse Fracture lMchanics," Seminar for the

Departent of Applied Hoecanics, Stanford University,, Stanford, CA,

Mae 3, 1983. C. Stoels, Chairoan.

Do A. Shockey, Shbort Pulse Fracture Nschanice,w Poulter Laboratory

Semnars SU. International, Menlo Park, CA,, April Ul, 1963.

J. It. Gioemanla, "Modbauics of Fracture Under Pulse Loads; Minimm
Tim ftoy levis ited, U Poulter Laboratory Seminar, SRI International.

Menlo, fark, CA, to be presented April 2, 1964.

J. X. Oiewomela, 3'Bvlepmnt and Analysis of a One-Point lsad Impact

Tet, to be presented at the Seventeenth, National Symposium on

Pranture Moesles, Awee "-, 19M, AlbaW. NY.
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